Abstract.---We collected ∼29 kb of sequence data using Roche 454 pyrosequencing in order to estimate the timing and pattern of diversification in the carnivorous pitcher plant Sarracenia alata. Utilizing modified protocols for reduced representation library construction, we generated sequence data from 86 individuals across 10 populations from throughout the range of the species. We identified 76 high-quality and high-coverage loci (containing over 500 SNPs) using the bioinformatics pipeline PRGmatic. Results from a Bayesian clustering analysis indicate that populations are highly structured, and are similar in pattern to the topology of a population tree estimated using *BEAST. The pattern of diversification within Sarracenia alata implies that riverine barriers are the primary factor promoting population diversification, with divergence across the Mississippi River occurring more than 60,000 generations before present. Further, significant patterns of niche divergence and the identification of several outlier loci suggest that selection may contribute to population divergence. Our results demonstrate the feasibility of using next-generation sequencing to investigate intraspecific genetic variation in nonmodel species.
The carnivorous pitcher plant, Sarracenia alata, has a disjunct distribution, with populations on either side of the Atchafalaya Basin/Mississippi River (Fig. 1 ). This wide biogeographic barrier (>100 km) has been implicated as a source for phylogeographic breaks in a variety of organisms (Soltis et al. 2006; Jackson and Austin 2010) , and has inspired several previous investigations in S. alata (Sheridan 1991; Neyland 2008; Koopman and Carstens 2010) . These studies did not identify substantial morphological (Sheridan 1991) or fixed genetic variation (Neyland 2008; Koopman and Carstens 2010) across the range of this pitcher plant species, presumably because of the paucity of genetic markers available at the time. However, with novel next-generation sequencing methods quickly becoming available for phylogeography, the question of diversification within S. alata is worth revisiting, primarily because much of what we know about the life history of Sarracenia suggests that these physically isolated populations should be genetically isolated as well.
Sarracenia alata are habitat specialists with a patchy distribution (Bayer et al. 1996) , confined primarily to longleaf pine savannahs characterized by abundant sunlight and frequent fires. Seeds in the genus have limited dispersal and low rates of establishment (Ellison and Parker 2002) . The seeds are small with no adornments for animal-mediated movement and do not float, suggesting that they are not transferred via floodwater (but see Neyland 2008) . Furthermore, while little is known about pollination in this species, the distance separating the eastern and western ranges of S. alata is large enough that it is unlikely that animal-mediated long distance pollination is currently contributing to significant gene flow between these populations. Thus, the life history characteristics of S. alata strongly suggest that the eastern and western populations should be genetically isolated.
Human-induced habitat modification has led to dramatic reductions in longleaf pine savannah habitat over the last two centuries (Noss 1988) . As a result, contemporary S. alata populations occupy isolated patches of habitat surrounded by land unsuitable for growth. Although previous results based on microsatellite data indicate that S. alata exhibits population genetic structure (Koopman and Carstens 2010) , it is unclear if this structure is in response to recent habitat fragmentation, biogeographic barriers, or environmental variation between the disjunct portions of its range. Given the low levels of variation identified in commonly used markers such as ITS or chloroplast DNA (Neyland 2008; Koopman and Carstens 2010) , we instead collected sequence data from anonymous portions of the nuclear genome. Loci were isolated via the creation of a reduced representation library (RRL), and sequenced using Roche 454 Titanium chemistry. RRLs allow for isolation of a specific, largely unbiased (e.g., including both coding and noncoding regions) subset of the genome (Altshuler et al. 2000; Whitelaw et al. 2003; Barbazuk et al. 2005; Williams et al. 2010) . Using these data, we estimated the timing and pattern of divergence among populations of S. alata and explored the potential for adaptive differentiation using both genetic and environmental modeling approaches. 
METHODS

Field Collections and DNA Extraction
Tissue from 89 S. alata leaves was collected from 10 populations across the range of the species ( Fig. 1 ; online Table S1 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). An entire leaf was removed from the plant, all fluid from the pitcher was immediately drained, and the leaf was immediately placed in silica gel in the field. To avoid sequencing a large proportion of repetitive, plastid DNA, we removed plastid DNA by following a nuclear DNA extraction protocol, modified to allow for small-scale extractions from dried leaf material (Rabinowicz et al. 1999 ). Between 0.3 and 0.8 g of dried tissue was ground in liquid N 2 and homogenized with a handheld tissue homogenizer. Cetyl trimethylammonium bromide incubation was performed for 45 min on an orbital shaker. Isopropanol precipitation was conducted overnight. DNA was quantified on an ND 1000 Spectrophotometer (NanoDrop, Wilmington, DE, USA).
RRL Construction
A modified AFLP protocol (Vos et al. 1995) was performed in four steps following the protocol of Gompert et al. (2010;  all enzymes from New England Biolabs unless otherwise noted): (i) digestion and ligation: 250 ng DNA was digested and adaptors were ligated to the digested DNA in an 11 μL reaction containing T4 Ligase buffer, NaCl, 5U EcoRI, 5U MseI, 10 μM EcoR1 adaptor, 10 μM MseI adaptor, 1 mg/mL BSA, and 0.5U T4 ligase for 2 h at 37 • C (see Vos et al. 1995 for adaptor sequence). (ii) Preamplification: a 20 μL PCR was performed with 10 μL of a 10-fold dilution of ligation product, 2 μL of 25 mM MgCl 2 , 2 μL of 5X Phusion buffer, 0.4 μL of 10 μM dNTPs, 0.06 μL of 100 μM each adaptorspecific primer (EcoR1: 5' GACTGCGTACCAATTC; MseI: 5' GATGAGTCCTGAGTAA), and 0.08 μL of 5 U/μL Phusion High Fidelity DNA Polymerase (Phusion products: Finnzymes Woburn, MA, USA). The conditions of the PCR program were: 98 • C for 2 min, 20 cycles of: 98 • C for 15 s, 56 • C for 30 s, and 72 • C for 30 s, with a final extension cycle at 72 • C for 10 min. (iii) Size selection: all PCR product was separated by size on a 1.5% SeaKem gel (Lonza Rockland, ME, USA). A band was cut at 450-600 bp, purified using the Qiagen gel extraction kit (Valencia, CA, USA) and eluted with a final volume of 50 μL H 2 O. (iv) Selective amplification: a selective amplification step was completed to add the 454 A and B priming sequences and the 10-bp MID barcodes (Roche) to each sample and to reduce the portion of the genome to be amplified and sequenced. Barcodes identify individuals and prevent the opportunity that substitution error would cause incorrect sample assignment (Hamady et al. 2008 ). All barcodes differed by at least two bases from any other barcode. We evaluated the effectiveness of one vs. two selective base pairs, where additional selective base pairs are expected to further reduce the portion of the genome to be sequenced and thus result in higher coverage per locus. The primers 765 were as follows-forward (A Fusion/MID-tag/EcoRI Sequence): 5 (CGTATCGCCTCCCTCGCGCCATCAG) (XXXXXXXXXX) (GACTGCGTACCAATTC)3 , where X refers to the MID-tag location; reverse (B Fusion/MseI Sequence/Selective Base(s)): 5 (CTATGCGCCTT GCCAGCCCGCTCAG) (CTATGCGCCTTGCCAGCCC GCTCAG)(C(G))3 . Test 454 sequencing runs were conducted by Engencore (Columbia, SC, USA). Final selective PCRs and 454 sequencing were performed and purified by gel as above by Research and Testing Laboratories (Lubbock, TX, USA).
Bioinformatic Processing
The sequences generated from 454 sequencing were quality controlled using the RDP Pipeline Initial Processor (Cole et al. 2007 (Cole et al. , 2009 ). We removed all sequence reads <100 bp, those with a quality score <20, and any containing an ambiguous base or lacking a forward primer, reverse primer, or individual tag. The remaining sequences were then sorted by MID barcodes and separated by individual. We then used the program PRGmatic to construct a provisional reference genome (PRG) from our data. PRGmatic clusters all the reads within an individual then uses the high-coverage clusters as provisional alleles; it then reduces the provisional alleles into provisional loci by clustering at a lower percent identity to gather all alleles for a given locus together. These loci are then concatenated and used as a reference. The program can then quickly align all the original data to the reference and call diploid loci for all individuals that surpass coverage thresholds set by the user. PRGmatic aims to create a high confidence set of loci from species that lack a reference genome so that genotyping and/or SNP calling tools developed for application in model systems (where phase is known with high confidence in at least one individual) can be applied to nonmodel systems such as S. alata.
We were conservative throughout our bioinformatics processing in order to minimize errors in genotyping that might subsequently lead to errors in inference. For example, we required that an allele be sequenced at a minimum of 5X coverage before including it in the PRG so that we could be confident in the quality of the reference genome even given the relatively high error rates of 454 sequencing. This parameter has no effect on which loci were called in the individuals, but instead dictates the coverage required within a single individual for an allele to be used in our PRG. We chose 5X based on preliminary runs and the desire to minimize discarding good data while not including spurious or unsupported alleles. This represents a relatively conservative choice, since the same sequence needs to be almost identical in one individual at least five times. By using a high coverage threshold here, we can manipulate the coverage required to call the genotype in all individuals, since the PRG was constructed from a minimum of 5X coverage within a single individual. Note that any sequence reads included in the PRG were subject to SNP calling as described below.
We experimented with a variety of settings for clustering, alignment, and SNP calling. We explored four different clustering percentages (90%, 92%, 95%, and 98% similarity) to cluster reads into loci that will form the PRG. If the clustering level is set too high, the putative alleles at any given locus will be separated into different loci (oversplitting) and as a result few individuals will appear heterozygous. However, when reads are clustered at too low a value of percent similarity, separate loci will be falsely combined and a majority of individuals will appear heterozygous (overlumping). For each of the clustering levels, we employed a BLASTn search against all sequences in GenBank (accepting alignments with an E-value < 1.0×10 −4 ). At a 90% clustering level, the resulting data aligned to the fewest loci in GenBank, whereas at a 98% clustering level, some loci that were called as independent by PRGmatic aligned to the same loci in GenBank. Results from the 92% and 95% levels were similar to one another, and we chose to analyze those sequences from the 95% clustering level because this level produced the fewest loci that had evidence of being oversplit or overlumped (based on BLASTn results and visual evaluation of alignments per the recommendation of Hird et al. 2011 ). Preliminary population structure analyses were run using each of the four clustering levels and the results were similar regardless of clustering level used. We also explored both liberal and conservative settings for the number of sequence reads required for calling SNPs within an individual (three versus. six sequences, respectively). Because the liberal settings often resulted in high levels of ambiguous bases, we used the conservative settings (i.e., a minimum of 6) for all analyses. Thus, every base in all of the genotypes produced by PRGmatic was represented by a minimum of six sequence reads in any particular individual.
After determining the individual genotypes for each locus, we performed additional quality control steps to remove paralogs and loci with low coverage. Due to the potential for paralogy, loci were not analyzed if they met one of the following criteria: (i) loci that had alleles of various lengths, which can be evidence of paralogy since this is indicative of mutations in one of the restriction cut sites; and (ii) loci that contained any nucleotide position with more than two nucleotide bases in an individual. Because the latter can occur from sequencing error as well, we set a very conservative threshold of 0.0005 sites with >2 bp per number of individuals sequenced per locus size. Only loci falling below this conservative threshold were retained for the analyses. Additionally, this quality control step provided an opportunity to address the issue of homopolymer errors. Although PRGmatic does not specifically isolate homopolymer errors, the sequences including homopolymer errors often resulted in individuals having >2 bp at a nucleotide site. As a result, many of the loci with homopolymer errors were discarded from the analyses during this step.
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Together, these quality control steps resulted in a very conservative data set with only the highest quality loci, which we hereafter refer to as the full data set. We also calculated a set of basic summary statistics using the compute package in libsequence (Thornton 2003) , including: Tajima's D, Fu and Li's D* and Fu and Li's F* (Fu and Li 1993) . For all phylogenetic analyses (described below), we utilized a reduced data set including only loci that were found in all 10 sampled populations. Additionally, since the phylogenetic analyses assume no recombination within loci, we tested each locus for internal recombination sites using IMgc (Woerner et al. 2007) . Loci that showed evidence of recombination were broken up into their two largest nonrecombining blocks.
Population Structure
Individual and population assignments were conducted using the program Structure (Pritchard et al. 2000) . We explored an admixture model to determine the number of population clusters (k) from 1 through 11 using a burn-in of 2.0×10 6 and 2.0×10 6 replications. Analyses were repeated five times for each k value. The average and standard deviation (SD) of the likelihood of each model were used to calculate k (Evanno et al. 2005) using Structure Harvester (Earl and vonHoldt 2011) , and the partitioning scheme with the highest k was selected as the model with the most support.
Outlier Loci
A Bayesian analysis of molecular variance (BAMOVA; Gompert and Buerkle 2011) was used to test for population subdivision ( ST ) and to identify outlier loci (i.e., loci that fall outside of the expectation for genome-level ST ). The program Bamova (Gompert and Buerkle 2011) calculates both genome-level and locus-specific ST to determine the amount of genetic variation explained by population substructure taking into account the presence of loci potentially under selection and also to identify those loci that may be under selection. The Markov chain was sampled every 10 steps for 250,000 generations with the first 5000 samples discarded as burn-in. The random walk haplotype frequency vector was used, with additional parameters set to the default. The posterior distributions for the genome-and locus-level ST (as well as their associated 95% confidence intervals (CIs)) were summarized. Loci were considered to be outliers if their CIs were completely outside of the genome-level ST CIs. Loci with ST values below the genome-level CIs are thought to be under balancing or purifying selection, whereas loci above the genome-level CIs are either under positive selection within populations or divergent selection among populations (Gompert and Buerkle 2011) .
Phylogeographic Analyses
We conducted two complementary sets of phylogeographic analyses to estimate the pattern and timing of diversification of S. alata populations. First, we generated a species tree estimate of the population phylogeny using *BEAST v 1.6.2 (Drummond and Rambaut 2007; Heled and Drummond 2010) . Models of sequence evolution for each locus were chosen using DT-ModSel (Minin et al. 2003 ) and set to the closest match in *BEAST. We experimented with both strict and relaxed clock (exponential and lognormal) priors (Drummond et al. 2006 ) for each locus. Although both settings produced the same pattern of diversification, the final analyses were conducted with a relaxed clock to allow for heterogeneity in substitution rate across loci. *BEAST analyses were conducted using 5.0×10 8 steps in the Markov chain with the initial 5.0×10 6 steps discarded as burn-in. TreeAnnotator (Drummond and Rambaut 2007) in the BEAST package was used to visualize the maximum clade credibility phylogeny.
Estimates of phylogeny under the species tree paradigm (Edwards 2009 ) can be biased by population dynamics such as gene flow (Eckert and Carstens 2008) ; consequently, we sought to compare the estimates of divergence generated by *BEAST with an estimate of population divergence that also incorporated gene flow. The program IMa2 (Hey 2010) , which jointly estimates θ (4N e μ), migration, and population divergence, was utilized to estimate these parameters across the eastern and western populations. The run was conducted using a burn-in of 100,000 steps, prior values of θ = 30, M = 5, τ = 10, and a geometric heating scheme using 150 coupled Markov chains (as described in the user manual). Although the divergence estimates from *BEAST and IMa2 are not exactly equivalent, the comparison allows at the very least for a qualitative assessment of the degree to which the phylogenetic estimate of divergence may be misled by unaccounted-for gene flow. The comparison of divergence estimates across the Mississippi River using these approaches is further justified by the recent finding that population substructure does not strongly bias estimates of divergence time using IMa2 (Strasburg and Rieseberg 2011) .
Environmental Niche Divergence
We developed ecological niche models for both eastern and western populations of S. alata using climate data for each of the 19 BIOCLIM variables downloaded from the WorldClim data set (Hijmans et al. 2004; Hijmans et al. 2005) . MaxEnt v 3.3.3e ) was used to produce niche models for the eastern and western lineages using 24 known S. alata sites (Fig. 4) : the 10 sampling locations plus 14 additional georeferenced S. alata sites either downloaded from the Global Biodiversity Information Facility Data Portal (www.gbif.org, last accessed May 25, 2012) or kindly provided by other researchers (Horner J., personal communication). To prevent pseudo-replication, only sampling localities that were separated by at least 1 km were used in the analyses.
To test for divergence in the niches occupied on either side of the Mississippi River, we used a multivariate niche method (McCormack et al. 2010) . This method utilizes a principal components analysis to describe environmental variation across multiple niche axes for each of the georeferenced S. alata localities and for randomly chosen background locations (including both suitable and nonsuitable habitat to illustrate the habitat available to either lineage). The average difference in the principal components axes are then calculated for the eastern and western populations and evaluated against 1000 jackknife comparisons based on the background data. If the average difference between the eastern and western populations for any axis is significantly greater than the average difference in the background points, then this suggests that niches in the eastern and western portions of S. alata's range are significantly different. Similarly, niche conservatism is supported for any axis where eastern and western populations are significantly more similar to one another than the difference in the background points of each.
To conduct the analyses, climate data were extracted from the WorldClim data set for both the 24 actual S. alata localities as well as for 850 random background localities across the distribution of the species. For the background points, a minimum convex polygon was drawn between the most distal sampling localities for both the eastern and western S. alata lineages and 850 random background points were chosen within both of those polygons using Hawth's Tools (Beyer 2004) in ArcGIS V 9.2 (ESRI 2006). Because BIOCLIM variables can be highly correlated, we evaluated correlation among each of the variables and removed variables such that none of the remaining variables had a correlation higher than 0.9 or less than -0.9. Our resulting data set included 10 BIOCLIM variables describing temperature and precipitation variation across the range of S. alata. Statistical analyses were conducted in Stata v 11 (StataCorp 2009). Significance in niche differences was calculated using t-tests after evaluating for equality of variances and applying a Bonferroni correction (P = 0.007). All principal components axes that explained >1% of the data were retained.
Landscape Genetics Analyses
In order to determine whether population divergence should be attributed strictly to the distance separating populations or to barriers to dispersal, we compared genetic divergence among populations with both geographic distance (isolation by distance) and landscape-weighted geographic distance (isolation by resistance) among populations (where "landscapeweighted geographic distance" refers to a distance that accounts for the permeability of the landscape separating two populations). Genetic divergence was quantified using both F ST (calculated in GENEPOP with the full data set; Raymond and Rousset 1995) and patristic distance (PD; calculated using the phylogeny estimate from *BEAST with the reduced data set).
Both geographic (GEO) and landscape-weighted resistance distance (RD) were calculated using Circuitscape v 3.5, which uses circuit theory to calculate the total resistance of the landscape separating pairs of populations (McRae 2006) . To calculate resistance distance, GIS layers are used to create friction matrices describing the permeability of the landscape to dispersal, and each cell on the matrix is given a separate cost based on the permeability of the landscape features occupying that cell. The major landscape feature hypothesized to impact landscape permeability in this system is water. At a large scale, major rivers and water bodies (e.g., lakes, Mississippi River) are expected to impede gene flow and dispersal, whereas at a small scale, minor rivers and waterways may have little impact or may instead facilitate gene flow among populations (Fig. 1) . In this way, we evaluated the effects of both major and minor rivers on genetic divergence among populations. Spatial landscape data were acquired from inland water shapefiles available through DIVA-GIS (www.diva-gis.org, last accessed May 25, 2012) and were converted into friction matrices using ArcGIS v 9.2 (ESRI 2006) by assigning a cost to the different landscape features. Because the choice of cost values can impact the correlation between genetic and landscape distance, we evaluated a range of costs (1-5000) for both the major and minor landscape features, starting with the lowest possible cost (1) and then up until increases in cost had little to no effect on the results (5000).
Landscape distances were considered to have a significant effect on genetic divergence if they were significantly correlated with genetic distance (Mantel test; Mantel 1967 ) and remained significant after controlling for geographic distance (partial Mantel test; Smouse et al. 1986 ). Both Mantel and partial Mantel tests were done in IBDWS (Jensen et al. 2005 ) with 30,000 randomizations. Sequential Bonferroni corrections were used to evaluate significance (Rice 1989 In addition, we evaluated whether environmental differences among the sampling localities have contributed to divergence of the sampled populations (isolation by environment) by assessing the correlation between genetic divergence and pairwise environmental differences between each of the 10 sampled populations. Environmental difference was calculated as the absolute pairwise difference among populations in principal components scores for each of the axes describing variation in climate data (see 'Environmental niche divergence' section above). Mantel tests were used to evaluate the correlation between genetic and environmental distances, and partial Mantel tests were used to evaluate whether this correlation remained 768 SYSTEMATIC BIOLOGY VOL. 61 significant after controlling for geographic distance among populations. We used the results from the landscape genetics analyses to inform the isolation by environment analyses, using only the genetic and geographic distance measures with the highest R-value in the aforementioned landscape genetics tests for the Mantel and partial Mantel tests.
RESULTS
Next-Generation Sequencing
Over all runs (2½ 454 plates; online Table S2 , available from Dryad data repository; doi:10.5061/ dryad.hk25q4d6), we obtained 1,044,772 useable sequences (defined as high quality, tagged, and with both primer regions sequenced) across 86 individuals with an average length of 282.1 bp per sequence. At the 95% clustering level with 6X coverage for SNP calling, PRGmatic identified 1821 loci. Of these, 125 were aligned to existing GenBank sequences (E-value < 1.0×10 −4 ) using BLAST (Altschul et al. 1990) . After the quality control steps, removing loci with no variation (3 loci), with too few individuals (1576 loci), or with potential paralogs (166 loci), and removing individuals with low coverage (8 individuals), we ultimately analyzed 76 loci across 82 individuals. In total, these data represent ∼29 kb of data, averaging 381 bp in length, and containing an average of 10 SNPs per locus (online Table S3 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). Of the loci used in the 76 locus data set, 5 loci had significant BLASTn matches, and 100% of those were to plant sequences (online Table S4 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). These 76 loci were utilized for population genetic analyses and for initial screening of the loci. In our final individual-by-locus matrix (86 individuals by 76 loci, online Table S5 and Fig. S1 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6), 1545 cells (23.6%) had coverages >6 sequences; 2472 cells (37.8%) had coverages greater than zero but <6 sequences (thus, were excluded from further analysis); 2519 cells (38.5%) had no sequencing reads recovered. Alignments of the 76 locus data set were deposited in GenBank under accession numbers JN665096-JN667881. Of those 76 loci, there were 10 loci that were sampled in all 10 sampling localities. These loci were all visually inspected. Three of the 10 loci showed significant evidence of containing recombination blocks using IMgc (Woerner et al. 2007) , and were subsequently broken up into two loci each. A total of 13 loci were thus utilized for the phylogenetic analyses.
Population Genetic Structure
Likelihood values from the structure analyses increased as sample partitioning increased (Fig. 2a) and leveled off at approximately k = 7, with the highest mean likelihood at k = 9 and the highest likelihood for a single run at k = 8. The highest k value was found at k = 3 (Fig. 2b) , with the three identified clusters being: (i) all populations east of the Mississippi River; (ii) the Kasatchi sampling location (the most northern population in the west); and (iii) the remaining four western populations (online Fig. S2 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). Additional k peaks were found at k = 7 and k = 9, suggesting there is hierarchical substructure (Fig. 2b) .
Outlier Loci
The BAMOVA estimated a genome-level ST value of 0.63, suggesting that 63% of the genetic variation was partitioned among populations (95% CI: 0.59-0.67). Consistent with summary statistics calculated using compute, the BAMOVA suggested that some of the loci were under either positive or purifying selection (online Table S3 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). However, only two loci were identified by at least one of the summary statistics and the BAMOVA, suggesting that many of the significant results from summary statistics may be false positives.
Phylogeographic Analyses
The *BEAST Bayesian phylogenetic analysis suggested that eastern and western populations are each monophyletic, with very high support (posterior probability = 1.0). Effective sample sizes (ESSs) were high (posterior ESS > 4217) suggesting that the Markov chains were convergent across parameter values. Population divergence mirrored the structure results in that the deepest nodes of the population phylogeny corresponded to the partitioning of samples at the lowest k values (online Fig. S2 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). The diversification of S. alata populations also mirrored the physical division of the landscape by major rivers (Fig. 3) . If one is willing to assume the genome-wide estimate of mutation rate from Arabidopsis thaliana of 7.0×10 −9 substitutions per site per generation (Ossowski et al. 2010 ) for divergence dating in S. alata, divergence among the eastern and western lineages is estimated to be ∼60,000 generations before present.
The two population (east and west) IMa2 analysis was conducted for ∼1.1 × 10 6 generations following the burn-in. Effective samples sizes were moderate (Log[P] = 57, τ = 59, remainder > 150), but plots of the sampled parameter values did not exhibit trends, suggesting that the Markov chain sampled from a stationary posterior distribution of parameter values. If mutation rates of Arabidopsis thaliana are assumed (Ossowski et al. 2010 ), population divergence is estimated to be ∼279,567 (95% highest posterior density = 113,107-428,954) generations before present. Results also suggest FIGURE 2. Population clustering analyses suggest significant population structure among S. alata populations. A) Likelihood scores for each value of k genetic clusters from Structure (Pritchard et al. 2000) . B) k scores for each value of k genetic clusters following Evanno et al. (2005) . Figures were generated using Structure Harvester (Earl et al. 2011 ). FIGURE 3. Maximum Clade Credibility tree for the 10 sampled populations generated using *BEAST (Drummond and Rambaut 2007; Heled and Drummond 2010) . The population phylogeny is shown at top, with posterior probabilities of each node shown. Scale bar to left of phylogeny corresponds to 5.0 × 10 −5 substitutions / site / generation. The bottom of the figure shows histograms generated by Structure (Pritchard et al. 2000) for the sampling localities (i.e., k = 10).
VOL. 61 that effective population sizes in the eastern populations are larger than either the western or the ancestral populations, with low estimates of gene flow from west to east and slightly higher gene flow from east to west (Table 1) .
Environmental Niche Divergence Climate varied significantly between S. alata populations to the east and west of the Mississippi River. Niche models for the western populations predicted distribution in the west with small overlap into the eastern range, whereas the eastern distribution was predicted almost exclusively to the east of the Mississippi River (Fig. 4a) . The principal components analysis also showed significant variation among the environmental conditions of the populations east and west of the Mississippi River. The first seven principal components accounted for ∼99% of the variation in the 10 BIOCLIM variables (Table 2) .
Using the multivariate niche method, we found evidence for both niche divergence and conservatism across the Mississippi River (Figs. 4b,c; Table 2 ). The differences among the eastern and western populations in both PC1 (mean divergence = 3.25) and PC6 (mean divergence = 0.70) were significant (t-tests with Bonferroni correction: P < 0.007) and significantly greater than expected based on the difference in the background data (background mean and 95% CIs: PC1 = 2.52 (2.39-2.63), PC6 = 0.09 (0.05-0.13); P < 0.01), suggesting divergence. In comparison, there was no significant difference between the eastern and western populations for either PC2 (0.631) or PC3 (0.338), and these differences were significantly less than expected based on the background data (PC2 = 2.13 (2.03-2.22), PC3 = 0.78 (0.71-0.85); P < 0.01), suggesting niche conservatism.
Landscape Genetics
There was a significant positive correlation between genetic divergence and geographic distance, regardless of whether F ST or PD was used as the measure of genetic divergence (F ST : R = 0.36, P = 0.019; PD: R = 0.86, P < 0.0001; online Table S6 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6), resulting in a significant pattern of isolation by distance. Although the trends were similar between F ST and PD, PD showed a stronger correlation (higher R-value) than F ST with each of the alternative models of geographic distance (online Table S6 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). We, therefore, focus only on the results of the analyses using PD as the measure of genetic divergence.
There was also significant evidence of isolation by resistance. Although there was a significant correlation between PD and resistance distance (RD) for each of the alternative geographic distance models (online Table S6 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6), the results suggest that only major rivers and water bodies have a significant impact on genetic divergence. First, the R-values for all RD models including major rivers were greater than the R-value for geographic distance (GEO), whereas the R-values for RD models including minor rivers were all less than the R-value for geographic distance. Second, increasing cost values resulted in increasing R-values for RD models with major rivers, whereas for RD models including minor rivers increasing cost values led to decreasing R-values (online Table S6 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). Lastly, partial Mantel tests confirm that RDs based on major rivers are a better predictor of genetic divergence. For RDs based on major rivers (except in the case of the lowest cost model), the correlation between genetic distance and RD remained significant after controlling for GEO, whereas the correlation between genetic distance and GEO was not significant after controlling for RD (online Table S6 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). The opposite pattern was observed for partial Mantel tests of RDs based on minor rivers: the correlation between genetic distance and RD was not significant after controlling for GEO, whereas the correlation between genetic distance and GEO was significant after controlling for RD (online Table S6 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). Overall, the model with the best support was the RD model including major rivers at a cost of 5000 (R = 0.89, P < 0.0001). This RD model remained significantly correlated with genetic divergence after controlling for geographic distance (R = 0.51, P = 0.008), whereas geographic distance was not significantly correlated with genetic divergence after controlling for this RD model (online Table S6 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). Consequently, this RD model was used for subsequent analyses.
The results for the test of isolation by environment were inconclusive. Genetic divergence (PD) and environmental distance (pairwise absolute difference in principal components scores) among populations were significantly positively correlated for one principal component axis, PC1 (Mantel test: R = 0.32, P < 0.002), marginally nonsignificant for two axes, PC5 a)
FIGURE 4. Environmental niche models and environmental variation for eastern (blue) and western (red) populations of S. alata. a) Divergence in niches across the Mississippi River. Predictions were calculated using MAXENT v 3.3.3e , with darker colors showing greater prediction scores. The thick black line denotes the Mississippi River. b) Principal components axes 1 and 6 show significant niche divergence, c) whereas axes 2 and 3 show significant niche conservatism. WS: western sampled points; WB: western background points; ES: eastern sampled points; EB: eastern background points.
(R = 0.21,P < 0.053) and PC7 (R = 0.26, P < 0.055; Table 3) , and nonsignificant for the other four PC axes. However, partialMantel correlations show that these correlations are mostly due to the distance separating populations rather than the environmental differences among populations. The correlation between genetic distance and landscape distance (RD) remained significant after controlling for environmental differences (e.g., PC1, PC5, and PC7), whereas the correlation between genetic distance and environmental distance was either nonsignificant (e.g., PC1) or was marginally nonsignificant (e.g., PC5 and PC7; Table 3 ) after controlling for RD.
DISCUSSION
Similar to other Gulf Coast organisms (e.g., Soltis et al. 2006) , the range of Sarracenia alata is divided by the Atchafalaya Swamp and Mississippi River. In contrast to previous investigations, which did not identify diagnosable differences of either morphological characters (Sheridan 1991) or ITS sequences (Neyland 2008 ), here we identified substantial divergence (at least 60,000 generations before present; Fig. 3 ) between eastern and western populations of S. alata and determined that these populations have been isolated by major rivers. Our results were consistent with previous work that identified population genetic structure using microsatellite markers (Koopman and Carstens 2010) ; however, it is still prudent to explore our approach in some detail given that the application of next-generation sequencing to phylogeographic investigations is not as well understood as genotyping microsatellites or sequencing genes such as ITS or chloroplast DNA.
Phylogeography of S. alata
Early phylogeographic investigations applied 'tree thinking' to population level variation (e.g., Avise 2000) by estimating genealogies from organellar genes and assuming that the pattern of coalescence reflected the pattern of population diversification (e.g., Avise et al. 1987) . Over time, phylogeographers became convinced that single locus data were unlikely to adequately track the history of population divergence (Edwards and Notes: Loadings for each variable on the seven retained principal components axes for the multivariate niche assessment. Niche differences among the eastern and western lineages as well as among the background environments are listed at the bottom of the table. The proportion of variance explained by each axis is listed in parentheses. The test for significance in niche differences between the eastern and western populations based on locality data alone is indicated by an asterisk. The test for niche divergence versus niche conservatism based on the background environmental data is indicated by either a D (axes with significant divergence relative to the background) or a C (axes with significant niche conservatism relative to the background). a Niches differ significantly (t-test, Sequential Bonferroni adjustment (Rice et al. 1989) ). Partial Mantel results show the correlation between landscape distance (RD) and genetic distance controlling for environmental distance (EnvtDist) as well as for EnvtDist and genetic distance controlling for RD. The RD model used included major rivers with a cost of 5000, which was the best-fit model from the landscape genetics analyses. Significance at P < 0.05 is indicated by italics. Significance after sequential Bonferroni adjustment is indicated with an asterisk. Partial Mantel tests were only performed on axes that had significant or marginally nonsignificant Mantel correlations.
time to revisit this question. Methodological advances in species tree phylogeny estimation (e.g., Edwards 2009), particularly when coupled with the larger data sets made possible by new sequencing technologies, allow us to directly estimate population divergence to a degree previously impossible. Although the general utility of tree thinking (e.g., Smouse 1998) for any given system should still be explored, it seems particularly applicable to our focal taxa. In S. alata, rivers appear to divide the species into several isolated populations, as evidenced by the structure analyses and the correlation between genetic isolation and resistance distance, and it seems reasonable to represent the divergence among these populations as a phylogenetic tree. Further, our results are also consistent with aspects of S. alata's life history (e.g., low rates of seed dispersal and establishment) as well as previous investigations using microsatellites (Koopman and Carstens 2010) . The deep divergence among populations using *BEAST implies that a phylogenetic model is appropriate for these data. Divergence between eastern and western populations is estimated to be at least 60,000 generations before present (Fig. 3) on the basis of the phylogeny estimate from *BEAST. In addition, analysis using a coalescent model suggests that population divergence across the Mississippi River is substantial (Table 1) . It is worth emphasizing that for our system these models are each inadequate in their own manner. *BEAST does not parameterize gene flow, and while estimates of this parameter from IMa2 are low, it is possible that allele sharing across lineages due to gene flow could lead to estimation error in species tree methods. Although simulations indicate that topology can be accurately estimated when gene flow occurs among sister lineages (Eckert and Carstens 2008) , increased polymorphism that results from unaccounted for gene flow may lead to errors in estimation of branch lengths (and thus the estimates of divergence). IMa2, on the other hand, estimates divergence and gene flow simultaneously and can accommodate more than two populations; however, we were unable to achieve good results when attempting to estimate parameters using the phylogeny of the 10 populations investigated here. Given these shortcomings, we are not satisfied with absolute estimates of divergence generated by either method, but still hope to make some broad inferences regarding diversification within S. alata.
Given that population divergence between the eastern and western S. alata populations is estimated to be at least 60,000 generations, what can we infer about the absolute timing of diversification in this group? Although there are no direct estimates of generation length in Sarracenia, the plants are long-lived (Brewer 2001) , so even a conservative estimate of generation length (e.g., 2 years) would indicate that eastern and western S. alata began to diverge well into the Pleistocene. Although the deepest subdivision within S. alata does not predate the formation of the Mississippi River, which is thought to have originated well before the Pleistocene (Mann and Thomas 1968; Cox and Van Arsdale 1997) , it may correspond to dramatic shifts in the river's course that occurred during the Pleistocene. Finally, our finding that the Mississippi River represents a major phylogeographic break in S. alata is consistent with findings in co-distributed species (Soltis et al. 2006; Jackson and Austin 2010) .
At a smaller scale, sampled populations also show significant divergence that likewise corresponds to major rivers (online Table S6 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6), particularly for the more basal splits, and to habitat boundaries, for the shallower divergences (online Fig. S2 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6). Additionally, the BAMOVA estimates indicate that over 63% of the genetic variation can be attributed to among-population variation for the 10 sampled populations. This amount of genetic variation is very high compared with previous studies using BAMOVA (e.g., Gompert et al. 2010) , further suggesting that S. alata populations are highly structured. The general congruence among these results supports the previously proposed hypothesis (Koopman and Carstens 2010) that riverine barriers are the major factor that promotes population divergence in S. alata.
These results also have implications for evolution throughout the genus Sarracenia. Historical biogeographic hypotheses for this genus suggest potential expansion along the east coast of the United States following the retreat of the Pleistocene glaciers (Oard 1997) . Many Sarracenia species are distributed along the eastern Gulf and Atlantic coasts of the United States; in this region, there are many broad rivers, and each of these rivers has the potential to bisect a Sarracenia species. Species such as S. psittacina, S. oreophila, S. flava and S. minor are all bisected by major rivers; it is therefore reasonable to hypothesize that each may contain a large amount of cryptic genetic subdivision.
Environmental Differentiation within S. alata
Although genetic structure among S. alata populations appears to be largely due to neutral divergence across major rivers and with increasing geographic distance, there are significant environmental differences among populations, which may contribute to population divergence. At a broad scale, we found significant niche differences among the eastern and western lineages for two axes (PC1, PC6) of environmental variation ( Fig. 4b; Table 2 ), and these differences are significantly greater than differences in randomly sampled background localities (Table 2 ). Despite the fact that this species usually inhabits longleaf pine savannahs, the climatic conditions of the habitats on either side of the Mississippi River are significantly different. Surprisingly, however, the strongest axis of environmental difference does not appear to be along a longitudinal axis across the Mississippi River. The divergence across PC1 (tradeoff between temperature annual/diurnal range and annual mean temperature), which accounts for most of the variation among populations, is primarily due to differences between the coastal populations and the interior populations. This is further reflected in the niche models, where the western niche model encompasses the western populations plus all interior eastern populations, whereas the eastern niche model is centered on the coastal populations, with the interior eastern populations showing low prediction scores (Fig. 4) . Thus, it appears that if selection is occurring in this system due to abiotic factors, it is likely due to differences between coastal and inland climatic conditions as opposed to arbitrarily bisecting into east VOL. 61 and west habitats. Future studies focusing on the inland versus coastal populations will be necessary to further investigate the effects of these environmental differences on genetic divergence.
When considering genetic variation among the 10 sampled populations, rather than the more broadly defined eastern and western habitats, there is limited evidence for the presence of local adaptation. Populations with greater environmental differences (absolute difference in PC5 and PC7) show only a marginally nonsignificant trend toward increased genetic divergence (PD) after controlling for landscape distance (Table 3) . At this smaller scale, PC5 and PC7 (differences in the mean temperature of the wettest quarter and mean temperature of the driest quarter, respectively; Table 2 ), rather than PC1 or PC6, may be more important as drivers of diversification among local populations. The lack of strong evidence for a correlation between local environmental and genetic divergence after controlling for landscape distance may indicate that there either has not been sufficient time for accumulation of genome-wide population subdivision due to environmental differences or else that 10 populations may not be sufficient to evaluate correlations in local environmental variation and genetic divergence.
Lastly, the presence of significant values for the various molecular tests of selection (D, D*, and F* and ST outliers; online Table S3 , available from Dryad data repository; doi:10.5061/dryad.hk25q4d6) also indicates that natural selection may be influencing the pattern of genetic variation across these populations. Although the results of these analyses are subject to type I errors and can be confounded by demographic forces such as population size change (e.g., Hammer et al. 2003) or population substructure (Excoffier et al. 2009 ), the consistency among the various tests of selection suggest that our results are robust. Future research will focus on screening these loci in order to identify the nature of selection operating within S. alata, with a particular focus on responses to environmental differences between the coastal and inland populations.
Roche 454 Sequencing of an RRL
Next-generation sequencing has been quickly transforming many areas of evolutionary biology, yet these new technologies have been slower to come to the field of phylogeography. This delay may be due to difficulties bringing these novel sequencing methods to nonmodel organisms, obtaining orthologous loci among individuals, affordably sequencing multiple individuals, and the need for long sequence reads for gene-tree analyses (McCormack et al. 2011) . Nextgeneration sequencing of RRLs (e.g., Gompert et al. 2010) using individual barcodes added to sequences via PCR (Williams et al. 2010) , in conjunction with bioinformatics tools that reduce the need for reference genomes (e.g., Hird et al. 2011) , provides an efficient and inexpensive method to generate a large amount of sequence data for nonmodel organisms. However, several challenges must be met before this approach can be widely utilized in phylogeographic analyses, including both preventing and identifying paralogous loci, distinguishing sequencing error from rare variants, and reducing the presence of and understanding the consequences of missing data in these large data sets.
Because the restriction sites used to reduce the representation of the genome are inherited from common ancestors, the preparation of RRLs using restriction enzymes is susceptible to the misidentification of loci that are actually paralogous as single copy. This misidentification would have substantial effects on various analyses, as levels of heterozygosity would be inflated, which in turn may inflate estimates of important parameters such as divergence time. The use of a double-digest method, as done here, aids in the avoidance of paralogous loci. Regardless, we were extremely conservative when we examined the initial set of loci and removed a large number of loci from the data set, including all loci that showed any evidence of being paralogous (see 'Methods' section). Although we reduced the size of our data set and ultimately analyzed data derived from fewer than 18% of the sequence reads, we are also confident that those loci that were analyzed represent high-quality data that are not likely to mislead our inferences regarding the phylogeography of S. alata. For study systems with lower levels of repetitive DNA, this method has much potential for identifying a large number of loci across multiple individuals. However, for systems where high levels of paralogy are expected, other methods of library construction may be preferable, such as PCR amplicon sequencing (e.g., Binladen et al. 2007; Meyer et al. 2008; Tewhey et al. 2009 ) or target enrichment (e.g., Albert et al. 2007; Okou et al. 2007; Gnirke et al. 2009 ).
Another major issue with anonymous loci generated via next-generation sequencing methods is that it is difficult to identify high-quality, high-coverage errors as errors or low-quality, low-coverage polymorphism as real variants. Currently, both probability and quality scores are used to construct a working data set from nextgeneration sequencing data, in an attempt to minimize both the number of errors retained and good reads discarded. Unfortunately, setting thresholds (e.g., for coverage and quality scores) may bias analyses and inferences, since using values too low will include errors, but setting cutoffs too high will exclude real variation. Thresholds are admittedly imperfect, but the genome is heterogeneous and different values apply to different loci; it is currently impossible to determine individual parameters for each locus. Here, we set several different thresholds and analyzed the results to determine which set of parameters led to the most conservative and robust data set (see 'Methods' section). For an enhanced picture of the genome and increased confidence in the data, SNPs could be validated through resequencing or alternate restriction enzymes could be used to evaluate a second set of loci from some individuals. However, these methods are costly, and we therefore encourage researchers to carefully consider the distribution of their resources with these issues in mind.
Although the RRL method utilized here allowed us to recover sequences from 76 high confidence loci in some individuals, including 13 loci from all sampling localities, there was incomplete coverage across individuals for the much larger set of ∼1800 loci identified by PRGmatic. The low coverage is an issue for two reasons: because of the possible impact on the genetic analyses and because it represents an inefficient use of the sequence reads. The presence of missing data within a data matrix can have significant consequences on the results obtained from some analyses, such as estimates of summary statistics (e.g., π or Tajima's D) as well as estimates of both branch lengths and tree topology (Lemmon et al. 2009 ). However, since coalescent theory assumes that alleles are sampled at random from a population, estimates generated using coalescent models (e.g., *BEAST, IMa2) should not be affected by missing data per se, although the quality of such estimates may be correlated with the number of sampled alleles. Similarly, because BAMOVA accounts for stochastic sampling in the likelihood function, estimates of ST should not be biased by missing data, but may result in lower confidence (although simulations verifying this have, to our knowledge, not been published). A bigger concern for researchers with limited budgets is the inefficiency that results from these missing data. Regardless, our results were largely consistent with both biological predictions for this organism as well as previous genetic work with complete data sets (e.g., Koopman and Carstens 2010) , suggesting that incomplete data sets due to variation in nextgeneration sequencing efforts among individuals and loci may not prohibit the recovery of phylogeographic patterns in other studies using similar methods.
With roughly 1.0×10 6 sequence reads resulting from our sequencing effort divided among 80 individuals, we would expect ∼ 1.25×10 4 reads per individual and ∼160X coverage over 76 loci, assuming equal molar concentrations of input samples and sequencing of only these loci. Although we do not yet know the genome size of S. alata, the closely related diploid S. flava has been reported to have an unexpectedly large genome (Hanson et al. 2005) . If S. alata has a similarly large genome, it could explain our difficulty in obtaining a more complete data set for all loci. For species with smaller genome sizes, this method may provide much more complete data sets. In addition, we note there are some aspects of library construction that could be improved to this end. One possibility is to select a smaller base pair size range to excise from the agarose gel in order to increase the coverage across loci. However, a smaller size range requires high precision in order to insure overlap in the fragments excised for each sample. Such precision can be difficult to achieve. Second, methods that reduce the number of PCR steps needed prior to next-generation sequencing (e.g., Kozarewa et al. 2009 ) will have fewer issues with PCR bias and as a result should provide much more complete data sets. Finally, for samples that require amplification via PCR, emulsion methods (e.g., Williams et al. 2006) produce libraries that are far less biased and therefore improve representation across loci.
CONCLUSIONS
As in many organisms that occupy the Gulf Coast of North America, the distribution of S. alata is divided by the Mississippi River and Atchafalaya swamp. Analysis of sequence data collected using nextgeneration sequencing suggests that populations in the eastern and western portions of the range have been isolated for tens of thousands of generations. Furthermore, it appears that there is deep divergence within the eastern and western populations and that this divergence is associated with major rivers. Although recent human-induced habitat fragmentation has likely reduced the census size of S. alata populations and contributed to the formation of population genetic structure at a local scale, landscape processes that predate human settlement of the region appear to be the dominant factor responsible for structuring genetic diversity in this species.
